JF 3rd. Targeted metabolomics and mathematical modeling demonstrate that vitamin B-6 restriction alters one-carbon metabolism in cultured HepG2 cells. Am J Physiol Endocrinol Metab 307: E93-E101, 2014. First published May 13, 2014; doi:10.1152 doi:10. /ajpendo.00697.2013 nutritional status is associated with increased risk for cardiovascular disease and certain cancers. Pyridoxal 5=-phosphate (PLP) serves as a coenzyme in many cellular processes, including several reactions in one-carbon (1C) metabolism and the transsulfuration pathway of homocysteine catabolism. To assess the effect of vitamin B-6 deficiency on these processes and associated pathways, we conducted quantitative analysis of 1C metabolites including tetrahydrofolate species in HepG2 cells cultured in various concentrations of pyridoxal. These results were compared with predictions of a mathematical model of 1C metabolism simulating effects of vitamin B-6 deficiency. In cells cultured in vitamin B-6-deficient medium (25 or 35 nmol/l pyridoxal), we observed Ͼ200% higher concentrations of betaine (P Ͻ 0.05) and creatinine (P Ͻ 0.05) and Ͼ60% lower concentrations of creatine (P Ͻ 0.05) and 5,10-methenyltetrahydrofolate (P Ͻ 0.05) compared with cells cultured in medium containing intermediate (65 nmol/l) or the supraphysiological 2,015 nmol/l pyridoxal. Cystathionine, cysteine, glutathione, and cysteinylglycine, which are components of the transsulfuration pathway and subsequent reactions, exhibited greater concentrations at the two lower vitamin B-6 concentrations. Partial least squares discriminant analysis showed differences in overall profiles between cells cultured in 25 and 35 nmol/l pyridoxal vs. those in 65 and 2,015 nmol/l pyridoxal. Mathematical model predictions aligned with analytically derived results. These data reveal pronounced effects of vitamin B-6 deficiency on 1C-related metabolites, including previously unexpected secondary effects on creatine. These results complement metabolomic studies in humans demonstrating extended metabolic effects of vitamin B-6 insufficiency.
comprise the transsulfuration pathway. Multiple epidemiological studies have shown an association between inadequate vitamin B-6 nutritional status and risk of cardiovascular disease (6, 35, 41, 42) . Suboptimal vitamin B-6 status, as indicated in humans by plasma PLP concentrations of 20 -30 nmol/l (24, 26) , is not uncommon in the American population (30, 55) , whereas vitamin B-6 deficiency (indicated by plasma PLP Ͻ 20 nmol/l) occurs in ϳ10% of the population. The associations between vitamin B-6 status and chronic disease have been largely observational, and mechanistic connections between vitamin B-6 and impaired cardiovascular risk are unclear.
The sensitivity of PLP-dependent enzymes in 1C metabolic processes to vitamin B-6 insufficiency has been directly measured in animal studies. Both isozymes of SHMT show inactivation in proportion to the degree of B-6 inadequacy over a wide range of dietary vitamin B-6 in rats, with cytoplasmic and mitochondrial forms equally susceptible (27, 44) . CSE and SHMT isozymes are similarly sensitive to inactivation by PLP depletion (15) , whereas CBS is much less sensitive to loss of activity from inadequate vitamin B-6 status (25, 44) . Other PLP-dependent pathways can also be affected. For example, severe vitamin B-6 deficiency in rodents has been shown to perturb glucose homeostasis (1, 18, 20) .
Even a marginally deficient vitamin B-6 status (plasma PLP 20 -30 nmol/l) leads to biochemical alterations in the 1C pathway as detected in targeted quantitative metabolite analysis (9, 11, 12, (21) (22) (23) and global metabolomic analysis (16) . After a controlled dietary vitamin B-6 restriction in healthy men and women as a tool to achieve plasma PLP less than 30 nmol/l, consistent elevation of plasma glycine and cystathionine have been observed (9, 11, 23, 29) , while plasma concentrations of serine, methionine, and total homocysteine were not affected (11, 12, 23) . Moderate to severe vitamin B-6 deficiency in rats causes increased liver glutathione (25) . The concentration of cysteine, the limiting precursor of glutathione, undergoes little change of concentration in a marginal vitamin B-6 deficiency in humans (11, 23) and rats (25) . Whether vitamin B-6 deficiency affects the intracellular distribution of tetrahydrofolate species is unknown, but we hypothesize that such changes would occur in view of the impact of nutritional or genetic factors affecting 1C metabolism, such as was shown for vitamin B-12 (46) . Because of the role of tetrahydrofolates in mediating the biochemical processing of 1C units, the profile of folate species would provide functional information about possible perturbations of these metabolic cycles.
Mathematical models have been developed to describe many complex biological systems. Such models allow variables to be controlled and modified in order to simulate the consequences on the system. In this manner, effects of nutritional deficiencies or genetic mutations can be simulated in silico, and the effect on metabolic pathways can be predicted. A mathematical model of 1C metabolism was developed and later expanded to include the methionine cycle and cytoplasmic and mitochondrial compartmentalization (33, 34, 38, 39) . The model has been used to predict the effects of vitamin B-6 deficiency on 1C metabolism (31) . The present study employed the same mathematical model to study vitamin B-6 deficiency and extends the number of metabolites quantified to encompass several of the 1C-related compounds targeted in our metabolic profile.
We report here the results of experiments conducted using targeted metabolomic analysis to characterize the profile of 1C metabolites and related compounds under controlled vitamin B-6 concentrations in mammalian cells cultured with various degrees of vitamin B-6 restriction shown previously (59) to give a range of reduced intracellular PLP concentrations. These multifaceted investigations involved analysis of 1) 1C metabolite profiles in cultured liver tumor-derived HepG2 cells maintained in media containing various adequate through deficient concentrations of pyridoxal, and 2) in silico simulations to predict the effect of vitamin B-6 deficiency on metabolite concentrations.
MATERIALS AND METHODS

Materials.
All standards were purchased from Sigma-Aldrich except symmetric dimethylarginine and asymmetric dimethylarginine (ADMA), which were purchased from Axxora (San Diego, CA; formerly Alexis Biochemicals). Cell culture in vitamin B-6-deficient media. HepG2 human hepatoma cells were cultured at 37°C in a 5% CO2 atmosphere using standard MEM containing 2,000 nmol/l pyridoxal or custom pyridoxalfree MEM to which we added 25, 35, and 65 nmol/l pyridoxal-HCl. All media were supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1 mmol/l sodium pyruvate, and 0.1 mmol/l nonessential amino acids. Cells were initially cultured in standard MEM and, after reaching 80% confluence, were transferred to 75-cm 2 flasks and cultured in MEM that contained one of four different concentrations of pyridoxal. Cells were passaged every 3-5 days. Intracellular PLP was measured weekly, with a steady state attained by 4 wk. The analyses reported here were conducted after 4 wk of culturing at each extracellular concentration of pyridoxal.
The 2,015 nmol/l level of total PL (i.e., the standard MEM formulation) is a nonphysiological concentration that cannot be achieved by nutritional supplement usage. This level is included as a reference only. Although PLP bound to albumin is the major form of vitamin B-6 in plasma, PLP must undergo dissociation from albumin followed by enzymatic dephosphorylation before cellular uptake in the form of PL (19, 28) , Consequently, we chose to use PL for physiological relevance. The FBS employed at the level of 10% (vol/vol) addition to the basal MEM medium provided 0.81 nmol/l PLP and 15 nmol/l PL. We considered this low PLP concentration to be negligible. Accounting for the PL content provided by FBS, the media used in cell culturing contained 2,015, 65, 35, and 25 total nmol/l total PL. The concentration of one-carbon metabolites from FBS was not measured and was equivalent for all PL treatments.
Analytical methods. Intracellular PLP was determined by reversephase HPLC with fluorescence detection (49) . Total intracellular cysteine, homocysteine, glutathione, and cysteinylglycine (i.e., the sums of oxidized and reduced species of each) were measured as ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate derivatives by reverse-phase HPLC with fluorescence detection (37) . Intracellular folates were extracted, enzymatically converted to monoglutamyl forms, purified by affinity chromatography, and then quantified by HPLC with electrochemical detection (2, 13) . The acidic mobile phases used in our HPLC analysis causes complete conversion of 10-formyl-THF (tetrahydrofolate) to 5,10-methenyl-THF; thus, the 5,10-methenyl-THF peak included both 10-formyl-THF and any preexisting 5,10-methenyl-THF. Similarly, the assay conditions cause conversion of 5,10-methylene-THF to THF, so that the THF peak comprises both THF and preexisting 5,10-methylene-THF.
A panel of 12 1C metabolites and related compounds was quantified by liquid chromatography-tandem mass spectrometry (LC-MS-MS) at the Biomedical Mass Spectrometry Laboratory, Clinical and Translational Sciences Institute, University of Florida. Quantification was performed by isotope dilution with the internal standards (9), which was similar to the approach described previously (53) . DMG and sarcosine were below detection limits in these cell samples. Data were normalized by protein concentration determined by the Bradford assay (4) and by cell count determined with a TC10 automated cell counter (Bio-Rad). Trends were similar between these normalization approaches; the latter are reported here.
Mathematical modeling. Complementary to the analytical data, the effects of reduced vitamin B-6 status on 1C metabolism were further evaluated in mathematical simulations of adequate and moderately vitamin B-6-deficient states by using a previously reported model to predict metabolite concentrations based on precursor inputs, enzyme and transport kinetics, and calculated fluxes (31, 38) . Vitamin B-6 deficiency was simulated by reducing the V max of CBS by 20% and the Vmax values of serine hydroxymethyltransferase (SHMT), CGL, and the glycine decarboxylation by the glycine cleavage system (GCS) by 60%. These percentages were based on observations of lower sensitivity of CBS activity to vitamin B-6 deficiency and the greater reduction of the other enzymes by vitamin B-6 deficiency (31). In silico simulation also evaluated the concurrent effects of a vitamin B-6 deficiency and associated oxidative stress, because oxidative stress may occur during vitamin B-6 deficiency (48) and affects enzymes of 1C metabolism (40) . In this mathematical model, the increase in oxidative stress associated with vitamin B-6 deficiency was represented by an increase in H2O2 concentration as conducted previously, which inhibits methionine synthase and betaine homocysteine methyltransferase (BHMT), and stimulates CBS (40) .
Statistical analysis. All data are presented as means Ϯ SD. Differences in intracellular concentrations of PLP, folate forms, and transsulfuration metabolites were analyzed by one-way analysis of variance (ANOVA). Using the Bonferroni correction, statistical significance was determined at the 0.0125 (0.05/4) level for each folate form and at the 0.0125 (0.05/4) level for each transsulfuration metabolite. Pairwise comparisons were made for significant metabolites with the Holm-Sidak method at their aforementioned respective level of significance. When an overall difference is detected but none of the pairwise comparison supports significance, differences can come from beyond paired groups, such as average between the 25 and 35 nmol/l groups vs. average between the 65 and 2,015 nmol/l groups.
For the 12 1C metabolites, the analysis was done in two stages: 1) using repeated-measures ANOVA (7) to test overall difference E94 VITAMIN B-6 ALTERS 1C METABOLISM IN HEPG2 CELLS across the 12 metabolites for each of the six pairs of B-6 concentration groups; 2) performing step-down t-tests for comparing the pair(s) with a significant overall difference. Statistical significance for the repeatedmeasures ANOVA and t-tests was determined at the 0.0083 (0.05/6) level after the Bonferroni correction. The two-stage hierarchical approach provides protection to the Type I error rate inflation at the step-down tests.
All data analyses were performed using SigmaPlot 11.0 (SPSS) or SAS 9.3 software. Partial least squares discriminant analysis (3, 58) was conducted on the pooled data for intracellular 1C metabolites, folates, and aminothiols in HepG2 cells by use of Simca 13 software (MKS Umetrics) (54). Score plots were assessed visually to evaluate groupings according to vitamin B-6 concentration in culture media. The role of each variable in discriminating differences among vitamin B-6 levels was determined using VIP (variable importance in the projection) plots in histogram format with confidence intervals for each VIP value determined by jackknifing at the 95% level of significance (57, 58) . As stated previously (9), the VIP values in these plots are weighted sums of squares of the PLS weights of the various metabolites and take into account the proportion of Y-variance in each dimension (54) . In the VIP plots, each variable is provided with a VIP value and a 95% confidence interval (CI) derived from jackknifing (14, 54, 57) . Variables for which the VIP Ϯ 95% CI exceeds 1 are designated as significant biomarkers in this analysis.
RESULTS
Targeted metabolic profiling in HepG2 hepatoma cells cultured in medium containing different concentrations of vitamin B-6.
HepG2 cells cultured in medium containing total (added and naturally occurring) pyridoxal of 25, 35, 65, or 2,015 nmol/l yielded steady-state concentrations for intracellular PLP after ϳ4 wk of culture in each vitamin B-6 condition. Intracellular PLP concentrations at steady state in all four groups were significantly different from one another (P Ͻ 0.001; Table 1 ) and showed that the range of PL treatments used caused a physiologically relevant range of intracellular PLP similar to that occurring in rat liver due to dietary vitamin B-6 restriction (17). There were no observed changes in morphology or growth rate.
The cell culture medium contained a high concentration of folic acid (2.27 mol/l), but all intracellular folates detected were reduced folates [i.e., no dihydrofolate (DHF) or folic acid was detected]. The analysis of intracellular folates revealed an effect of vitamin B-6 on the distribution of folate species and total intracellular folate concentration (Table 2) . THF constituted the most abundant intracellular folate form (Ͼ70% of total folate). In this analysis, the value for THF represents actual THF plus 5,10-methylene-THF that dissociates to yield THF and formaldehyde during extraction and analysis. Concentrations of THF were significantly higher in cells cultured in medium containing 25 nmol/l vitamin B-6 compared with THF concentrations in cells cultured in media containing the higher vitamin B-6 concentrations (P Ͻ 0.05). The concentration of 5-methyl-THF was not affected by vitamin B-6 concentration ( Table 2 ). The 5,10-methenyl-THF concentrations in cells cultured in 25 and 35 nmol/l vitamin B-6 were significantly lower than in the higher vitamin B-6-treated cells (P Ͻ 0.05; Table 2 ). Due to the acidic conditions of this folate analysis, both 10-formyl-THF and actual 5,10-methenyl-THF are detected as 5,10-methenyl-THF. Folic acid, DHF, and 5-formyl-THF were either below analytical limits of quantitation or not detected in every sample.
Total glutathione and homocysteine concentrations were more than two times higher in vitamin B-6-deficient cells cultured in media containing 25 and 35 nmol/l pyridoxal, while cysteine concentrations also were higher (Table 3) . Cysteinylglycine concentration, reflecting glutathione turnover, was the most sensitive to vitamin B-6 availability, and was an order of magnitude higher in the cells cultured in low vitamin B-6 conditions. The production of glucose was not affected by vitamin B-6 status in the HepG2 cells (data not shown). Targeted LC-MS-MS profiling of 1C-related metabolites conducted on HepG2 cells cultured in different vitamin B-6 conditions allowed the quantification of 12 metabolites. Statistical analysis revealed an overall effect of extracellular pyridoxal concentration on the intracellular concentration of this panel of metabolites. In this analysis, the pyridoxal concentration in the culture media was associated with changes in intracellular concentrations of betaine, glycine, cystathionine, creatine, and creatinine (Table 4) .
PLS-DA allowed an alternate evaluation of overall patterns of variables and allowed detection of the most important discriminating variables (58) . PLS-DA on the set of 12 1C metabolites determined in LC-MS-MS analysis showed grouping on the score plot according to vitamin B-6 status, with one Values are means Ϯ SD; n ϭ 3. PLP, pyridoxal 5=-phosphate. Different superscripts indicate significant difference between groups. P Ͻ 0.001 (oneway ANOVA). Values are means ϩ SD (nmol/l); n ϭ 5. Different superscripts indicate significant difference between groups. In this analysis, both existing 5,10-methylene-THF and THF are quantified as THF (tetrahydrofolate), while existing cellular 5,10-methenyl-THF and 10-formyl-THF are measured as 5,10-methenyl-THF. P Ͻ 0.05 (one-way ANOVA). Within each row, values with a common superscript letter were not significantly different.
cluster comprising cells cultured at 25 and 35 nmol/l pyridoxal and the other cluster comprised of the higher (65 and 2,015 nmol/l) vitamin B-6 treatments (Fig. 1A) . This analysis based solely on LC-MS-MS analysis of these 1C constituents shows clear overall compositional differences in the metabolic profile of the measured 1C metabolites in HepG2 cells cultured in media containing 25-35 nmol/l vitamin B-6 compared with 65-2,015 nmol/l. The VIP plot (Fig. 1B) identified creatine, betaine, and creatinine as significant discriminating variables at the 95% level, with glycine closely approaching significance.
PLS-DA of the full datasets (including 1C metabolites, folates, and aminothiols) yielded a score plot that showed greater separation according to the level of vitamin B-6 than obtained for the analysis of 1C metabolites alone ( Fig. 2A) . In this analysis of the full dataset, the score plot showed separation between the clusters derived from cells cultured at the 25 and 35 nmol/l vitamin B-6 levels, and both of these were separated from the cluster from the 65 and 2,015 nmol/l levels. Glutathione and 5,10-methenyl-THF (comprising existing 5,10-methenyl-THF plus 10-formyl-THF) were significant discriminating variables in the VIP plot for this analysis, while betaine and creatine very closely approached significance (Fig. 2B) .
Mathematical model predictions of 1C-related metabolites in vitamin B-6 deficiency. The predicted intracellular concentrations of folate forms and 1C-related compounds in a vitamin B-6 deficiency are presented in Table 5 . In a simulated moderate vitamin B-6 deficiency, a redistribution of folate forms was observed, with a 31% increase in THF and comparable but slightly lesser decreases of DHF,5,10-methylene-THF, 5,10-methenyl-THF, 10-formyl-THF, and 5-methyl-THF. Introducing oxidative stress into the model simulation did not change these trends in the distribution of folate species compared with vitamin B-6 deficiency alone in the model. The notable exception was 5-methyl-THF, for which oxidative stress caused a small increase (9%) compared with adequate vitamin B-6 status. The model assumes that no change occurs in total folate concentrations.
Vitamin B-6 deficiency yielded large increases in glycine concentration, although there was little or no effect of oxidative stress on the glycine and serine concentrations. Major increases in cystathionine concentrations (175%) occurred in low vitamin B-6 status, and homocysteine concentrations increased modestly (17%), whereas methionine concentration was not greatly changed (3%). CBS activity increased in oxidative conditions, but this did not greatly affect predicted cystathionine concentrations (184% increase vs. 175% increase in vitamin B-6 deficiency alone). Oxidative stress had a clear effect on the concentrations of sarcosine and DMG, which decreased slightly in vitamin B-6 deficiency (ϳ3%) but decreased further when oxidative stress was simulated (Ϫ20 vs. vitamin B-6 deficiency alone). Total glutathione concentration was unchanged in vitamin B-6 deficiency alone but increased 12% when effects of oxidative stress were introduced in modeling. 
Table 4. Intracellular concentrations of 1C-related metabolites in HepG2 cells cultured in media containing different concentrations of vitamin B-6
Media Vitamin B-6 pmol/10 6 
DISCUSSION
The effect of vitamin B-6 restriction on fluxes through the 1C pathway and on circulating concentrations of 1C-associated metabolites has been examined (9 -12, 21-23) . Overall, these findings support the conclusion that the in vivo fluxes of many processes associated with 1C metabolism are subject to strong homeostasis and resist nutritional alterations such as the vitamin B-6 restriction examined here and in our human studies (9 -12, 21-23) . Coordinate allosteric regulation of methylation and transsulfuration processes in 1C metabolism (45) and long-range allosteric effects within methionine and folate cycles (32) strongly contribute to this homeostasis. However, subtle changes in enzyme activities can alter the concentrations of precursors and products, which may or may not cause significant changes of fluxes. The results of targeted metabolite profiling analysis (9) and metabolomic analysis (16) in recent human studies form the basis of our contention that the effects of vitamin B-6 inadequacy can affect metabolite 
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concentrations in 1C metabolism directly or indirectly, whereas numerous secondary consequences can occur on many other aspects of metabolism. The previous results were confirmed and extended through the cell culture/ metabolite profiling studies reported here. The use of the mathematical model that incorporates such homeostatic regulation and cellular compartmentalization complemented and extended the analytical data of this study.
We have reported previously that the increase in cystathionine concentration is due to partial loss of CSE activity arising from insufficiency of PLP (11, 25) . To compensate at least partially for loss of CSE activity due to B-6 insufficiency, the increase in substrate concentration (i.e., cystathionine) would yield a nearly proportional increase in v/V max due to the high K m (25), This allows cysteine concentrations, cysteine flux, and net transsulfuration flux to be maintained in mild to moderate vitamin B-6 deficiency. We also propose that the more subtle increases in glycine and serine concentrations observed here and modeled previously (31) tend to exert similar kinetic effects on the glycine cleavage system, cytoplasmic and mitochondrial SHMT, thus tending to maintain fluxes of those reactions. Our use of the HepG2 model allowed an in-depth investigation into the metabolic effect of vitamin B-6 deficiency in a metabolically active cell type with precise nutritional control. The profiling of intracellular 1C metabolism reported here included the quantification of folate species, constituents of transsulfuration and glutathione metabolism, and a selection of other 1C-related metabolites.
The 1C pathways rely on THF as the major acceptor and carrier of single carbon units. The 1C unit acquired by THF to form 5,10-methylene-THF comes primarily from serine or glycine, via SHMT or the GCS, respectively. Both enzymes are PLP dependent and have been shown to be sensitive to vitamin B-6 restriction (12, 27, 43, 44) . We hypothesized that inadequate vitamin B-6 status may affect the entry of 1C units to the 1C pathways and the distribution of THF species, and we observed marked differences among the various vitamin B-6 cultured conditions. Intracellular 5,10-methenyl-THF in culture conditions of 25 and 35 nmol/l total pyridoxal was decreased relative to cells cultured at higher vitamin B-6 concentrations, while THF was increased. 5-Methyl-THF remained relatively constant over a broad range of vitamin B-6 culture conditions, as did methionine. The higher THF concentrations at the lowest vitamin B-6 treatment and lower 5,10-methenyl-THF may suggest that flux through the methionine cycle is maintained by directing 1C units to remethylation processes rather than purine synthesis. However, such hypotheses require further testing using alternative methods of folate analysis and additional tracer studies. Studies of flux through the remethylation pathway in healthy human subjects have shown that dietary vitamin B-6 restriction does not alter rates of homocysteine remethylation (8, 12 ).
An unexpected finding was the response of betaine as a discriminating metabolite affected by vitamin B-6 status. The interchangeability of 5-methyl-THF and betaine as possible methyl donors for the remethylation of homocysteine tends to maintain the supply of 1C units for the formation of Sadenosylmethionine. In the kidney and liver, betaine donates a methyl group to homocysteine via the enzyme BHMT and is converted to DMG (52) . DMG was below the LC-MS-MS detection limits in the HepG2 analyses; however, in humans plasma DMG decreased from vitamin B-6 restriction (9). Experimental assessment of the fluxes of betaine appearance and disappearance are needed for confirmation. Additionally, betaine was among the subset of metabolites responsible for the observed statistical effect of vitamin B-6 availability on the overall metabolite profile. Intracellular concentrations of choline were directly related to the vitamin B-6 in the culture media. Overall, low vitamin B-6 led to a redistribution of folate forms in HepG2 cells and lower choline and higher betaine concentrations. The relationship between folate and vitamin B-12 deficiencies and choline metabolism has been extensively examined (51) , but the interaction with vitamin B-6 status is a novel observation of unknown mechanism.
Vitamin B-6 deficiency is associated with elevated oxidative stress (48) , which may increase flux through the transsulfuration pathway (56) and, presumably, promote glutathione synthesis. The transsulfuration pathway relies on two PLP-dependent enzymes, CBS and CGL. The sensitivity of CGL to vitamin B-6 deficiency has been widely reported (11, 12, 23, 25, 29, 36, 50) . In our HepG2 cells, intracellular cystathionine concentrations were lower in cells cultured in 25 nmol/l vitamin B-6 compared with 35 nmol/l (P Ͻ 0.05), which might indicate greater depression of CBS activity at the lower vitamin B-6 concentration. Intracellular cysteine concentrations were modestly higher in HepG2 cells cultured in low vitamin B-6 conditions (25 and 35 nmol/l PL) compared with cells cultured in adequate vitamin B-6 conditions. The greater concentrations of total glutathionine and its catabolic product cysteinylglycine The non-monotone behavior of cystathionine demonstrates an important property of these metabolic systems. The behavior of one variable (intracellular cystathionine) may be a complicated function of another variable (external B-6 availability) because the system is highly nonlinear. This means that one must be careful in interpreting correlations because they may be context dependent, i.e., may depend on the current values of all the variables, not just the two being compared. One of the advantages of the full mathematical model, which includes the nonlinearities, is that it allows one to explore the reasons for particular non-monotone behavior if it is physiologically important.
The observed effect of vitamin B-6 supply on creatine and creatinine concentrations was unexpected. In our study, HepG2 concentrations of creatinine were more than doubled in cells cultured in media containing 25 or 35 nmol/l vitamin B-6 compared with 65 or 2,015 nmol/l vitamin B-6, whereas creatine concentrations were sharply decreased. In healthy men and women participating in our vitamin B-6 restriction studies, plasma creatine declined ϳ40%, whereas creatinine did not change significantly (9) . Protein intake differences might have a role in the decreased plasma concentrations of creatine and creatinine after a 28-day controlled dietary vitamin B-6 restriction, but that difference was nonexistent in our cell media and does not explain the effect observed in our cultured cells. The influence of vitamin B-6 availability on creatine metabolism may be a selective effect on creatine synthesis, a major methyl demand (5). Because creatinine is formed nonenzymatically from creatine (and creatine phosphate), one would expect general parallel concentrations if transport and turnover kinetics were similar for creatine and creatinine. Although ADMA and SDMA (which originate from the methylation of protein arginyl residues) did not respond to altered vitamin B-6 supply, these are sensitive biomarkers of methylation status.
The mathematical model predictions of the effect of vitamin B-6 deficiency on 1C metabolism provided qualitative support of most experimental observations in our study. The results extend those initially reported (31) , which examined the influence of vitamin B-6 deficiency on the PLP-dependent enzymes in 1C metabolism. For this study, we were interested in the predictions the mathematical model provided on metabolite concentrations. The model's sensitivity of glycine and cystathionine, and to a lesser extent serine and homocysteine, to vitamin B-6 status had been previously reported (31) . The mathematical model also predicted the redistribution of folate forms in lower vitamin B-6 availability, as observed. Similarly, the near constancy of methionine concentrations and an increase in homocysteine at low vitamin B-6 were predicted by the model. The mathematical model currently does not include prediction of betaine or choline concentrations.
Vitamin B-6 is essential to amino acid metabolism and to the proper functioning of the one-carbon cycle. This study aimed to improve our understanding of the functional interactions of vitamin B-6 and one-carbon metabolism and possibly identify changes indirectly affected by a decreased availability of vitamin B-6. HepG2 cells cultured in media containing 25 or 35 nmol/l vitamin B-6 showed clear differences in metabolic profiles compared with cells cultured in media containing 65 or 2,015 nmol/l vitamin B-6. For most compounds measured, the metabolic effect of a severe vitamin B-6 deficiency (25 nmol/l) was not different from that of marginally deficient cells (35 nmol/l). A closer examination of the interaction of vitamin B-6 status and the folate-independent homocysteine remethylation pathway is warranted. In addition, the effect of low vitamin B-6 availability on the processes involved in creatine and creatinine turnover should be further explored. Metabolic profiling such as reported here can aid in identifying markers indicative of a nutrient deficiency and offer insight into the mechanistic connections between vitamin B-6 and impaired health. 
